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Engineering Al/Fe dual-doped nanoporous ZnO
nanorods for efficient visible-light-driven
photoelectrochemical hydrogen evolution

Mustafa Majid Rashak Al-Fartoos, *a Asif Ali Tahir a and Martin Smithb

The transition toward sustainable energy systems has increased interest in solar driven photoelectro-

chemical hydrogen generation. Among available photoanodes, ZnO is attractive for its abundance and

favourable charge transport properties, yet its performance remains restricted by poor visible light absorption

and rapid charge recombination. Although doping and nanorod engineering have been widely explored, the

combined use of Al/Fe dual doping with a nanoporous ZnO nanorod architecture remains underexplored.

Here, we fabricate nanoporous ZnO nanorods modified through synergistic Al and Fe co-doping. Al3+

enhances carrier density and conductivity, while Fe3+ introduces beneficial sub-bandgap states and drives

the formation of a highly nanoporous surface, expanding the electroactive area and improving charge

separation. The resulting photoanodes exhibit significantly enhanced PEC hydrogen evolution performance

compared to pristine ZnO, achieving a photocurrent density of 3 mA cm�2 at 1 V vs. RHE, reduced charge-

transfer resistance, and long-term operational stability over 5 h under sacrificial Na2SO3 electrolyte

conditions. Electrolyte-dependent tests further confirmed the strong influence of pH and sacrificial agents

on PEC performance, and among electrolytes, Na2SO3 provides the best stability. Furthermore, the electrode

demonstrates stable visible-light-driven hydrogen generation, producing 5.7 mL cm�2 of H2 over 5 hours.

1. Introduction

In 2022, the global population reached 8 billion and is pro-
jected to rise to 10 billion by 2050, placing unprecedented
demands on global energy infrastructures.1 This population
growth will significantly increase energy requirements, with
global energy consumption expected to rise by more than 50%
by 2050.2 Continued reliance on fossil fuels will exacerbate
greenhouse gas emissions and intensify the impacts of climate
change, including extreme weather events, sea-level rise, and
environmental degradation.3 Given the increasing severity and
magnitude of these impacts, there is an urgent global need to
transition towards carbon-free energy systems and accelerate
the integration of renewable energy sources.

Among the most promising alternatives is hydrogen energy, a
clean, high energy density carrier with the potential to decarbo-
nize hard to electrify sectors such as heavy industry, transport,
and long-duration energy storage. Hydrogen can be produced in
various forms, including grey hydrogen (from natural gas), blue
hydrogen (from natural gas with carbon capture and storage),
and pink hydrogen (from nuclear powered electrolysis).4

However, these pathways either release CO2 or require signifi-
cant energy inputs.5 By contrast, green hydrogen, produced via
renewable energy powered electrolysis, is considered the cleanest
and most sustainable option, as it generates zero direct carbon
emissions.5

To be sustainable, hydrogen must be produced through
fossil-free pathways. Photoelectrochemical (PEC) hydrogen genera-
tion has been identified as a promising method, as it harnesses
solar energy to directly split water into hydrogen and oxygen,
thereby integrating solar energy conversion with chemical energy
storage.6 Recent studies demonstrate the potential of scalable solar
hydrogen production as a key contributor to global climate goals
by enabling sustainable transport, industrial processes, and clean
power generation.7 However, achieving efficient PEC hydrogen
production requires the development of robust photoelectrode
materials capable of effectively harvesting sunlight and driving
hydrogen evolution reactions.8,9

TiO2, Fe2O3, and BiVO4 are well-known and widely studied
photoanodes for photoelectrochemical (PEC) hydrogen
evolution.10,11 TiO2, although highly stable in aqueous media,
possesses a wide bandgap (B3.2 eV) that restricts absorption to
the UV region, leading to low solar to hydrogen conversion
efficiencies o1%.12 Fe2O3 offers visible-light absorption due to
its narrower bandgap (B2.1 eV); however, its poor electrical
conductivity, short hole diffusion length, and sluggish surface
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reaction kinetics limit the achievable photocurrent density to
B2–3 mA cm�2 under standard illumination.12 BiVO4, with a
bandgap of B2.4 eV, shows enhanced visible-light harvesting
and a higher theoretical photocurrent (B7 mA cm�2), but it
continues to suffer from low electron mobility, moderate photo-
stability, and reliance on relatively scarce elements.13

On the other hand, zinc oxide (ZnO) has received widespread
interest as a photoanode material for photoelectrochemical hydro-
gen generation owing to its high electron mobility, suitable band-
edge alignment for water redox reactions, good chemical stability
in the dark, non-toxicity, and cost-effectiveness.11 Composed of
earth-abundant elements, ZnO can be easily synthesized into
diverse nanostructured morphologies at low temperatures, mak-
ing it well-suited for large-scale and cost-effective fabrication.14 As
such, ZnO is considered a promising candidate for the develop-
ment of PEC systems for solar hydrogen production. However,
pristine ZnO suffers from several drawbacks that compromise its
PEC performance. Its wide bandgap (3.2–3.3 eV) restricts absorp-
tion primarily to the ultraviolet (UV) region, which accounts for
only B5% of the solar spectrum.15 Moreover, rapid electron–hole
recombination and photocorrosion under illumination further
reduce its quantum efficiency and long-term stability.16 These
challenges remain major barriers to the practical implementation
of ZnO in PEC hydrogen evolution for sustainable solar hydrogen
production.

Current research on ZnO photoanodes emphasizes doping,
heterostructure design, and morphology engineering to
enhance visible light absorption and photoelectrochemical
performance. Among these approaches, elemental doping is
particularly effective, as it modifies the band structure, electro-
nic properties, and surface chemistry of ZnO. Dopant incor-
poration introduces additional electronic states and lattice
perturbations that reduce the effective bandgap and improve
visible-light harvesting compared with pristine ZnO.17 A wide
range of dopants, including Ag, Fe, Al, Cr, Co, Ni, Cu, Pb, and
Sb, which can tune its band structure and improve charge
separation.18–22 Rare-earth and noble-metal dopants such as La
and Ag further improve performance by increasing carrier
density, generating oxygen vacancies (VO), and enhancing
visible-light absorption through bandgap narrowing and plas-
monic effects.22–24

Fe one of the most promising dopant as it introduces donor
states that reduce the bandgap (e.g., from B3.11 to 2.95 eV) and
extend visible-light absorption, enabling a photocurrent density of
4.2 mA cm�2 at 1 V vs. RHE compared to only 0.25 mA cm�2 for
pristine ZnO in 1 M Na2SO4 solution.25 Similarly, Al doped ZnO
enhances carrier concentration, reduces crystallite size, and pro-
motes preferential c-axis orientation, which collectively improve
PEC performance and stability.26 These doping strategies broaden
ZnO’s visible-light response, enhance charge dynamics, and accel-
erate interfacial water oxidation kinetics, making doped ZnO a
highly promising platform for solar hydrogen production.

Besides chemical doping, morphological engineering of ZnO
also plays a critical role in improving PEC water-splitting perfor-
mance. One-dimensional ZnO nanorods, particularly when verti-
cally aligned on conductive substrates, provide efficient electron

transport pathways with minimal grain boundaries, thereby redu-
cing recombination losses.27 Their high surface area to volume
ratio enhances interfacial contact with the electrolyte and
improves catalytic activity.28 Moreover, the elongated geometry
of nanorods enables effective light harvesting through reduced
reflection and enhanced internal scattering.29 A further advantage
lies in their fabrication: ZnO nanorods can be synthesized by
relatively low cost and scalable methods such as hydrothermal
growth and electrochemical deposition, in contrast to TiO2, which
often requires more complex processing routes.11 Additionally,
the single crystal nature of ZnO nanorods suppresses defect
states, making these architectures structurally and electronically
superior platforms for achieving higher PEC efficiencies.30

Another effective strategy to enhance PEC performance of
ZnO and address intrinsic limitations such as UV constrained
absorption and elevated electron hole recombination, is hetero-
structure engineering. Coupling ZnO with visible light responsive
semiconductors like CdS or BiVO4 in core shell or junction
architectures broadens light absorption into the visible spectrum
and improves charge separation through favourable band align-
ment and built in electric fields. For instance, a ZnO/CdS hetero-
structure achieved a photocurrent density of 1.7 mA cm�2 at 1 V
vs. RHE, outperforming pristine ZnO via enhanced visible-light
capture and efficient interfacial charge transfer.31 Similarly, a
ZnO/BiVO4 heterojunction delivered a photocurrent density of
1.72 mA cm�2 at 1.81 V vs. RHE, surpassing that of pure ZnO NRs
due to reduced recombination and improved spectral response.32

Furthermore, ZnO/NiFe2O4 heterojunction nanorod photoanodes
achieved photocurrent densities of 1.1 mA cm�2 at 1 V vs. RHE,
compared to only 0.4 mA cm�2 for pristine ZnO nanorods, owing
to enhanced visible-light harvesting, reduced charge recombina-
tion, and improved interfacial charge transfer.33 Moreover, a
recently developed Al doped ZnO nanorod array coated with an
ultrathin FeVO4 shell (forming a type-II heterojunction) yielded
1.13 mA cm�2 at 1.23 V vs. RHE (AM 1.5G) more than double that
of the AZO substrate alone thanks to reduced bulk recombination
and optimized interfacial charge separation.34

Co-doping with two different metal elements has proved a
promising method in boosting ZnO’s photocatalytic hydrogen
evolution activity through expansion of light absorption and
inhibition of charge recombination. As an example, hydro-
thermally prepared Al/Ce co-doped ZnO realized minimized
bandgap from 3.37 to 2.64 eV.35 Correspondingly, solution
combustion synthesized Al/Ni co-doped ZnO showed increased
donor density due to Al incorporation and Ni-induced mid-gap
states, which together extended visible light absorption and
reduced recombination.36 However, photoelectrochemical hydro-
gen generation imposes fundamentally different requirements,
including bias-driven charge transport, favourable band bending
at the semiconductor–electrolyte interface, and long-term opera-
tional stability—factors that cannot be inferred from photocata-
lytic performance alone. Despite the progress in photocatalysis, to
our knowledge, the dual-doped ZnO as a photoanode for PEC
hydrogen evolution remains largely unexplored, highlighting the
need to explore co-doping strategies specifically tailored for PEC
architectures.
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A major limitation of ZnO photocatalysts in water-splitting
systems is their intrinsic chemical instability, which makes
their long-term performance highly dependent on the choice of
electrolyte. In strongly alkaline media (like NaOH or KOH)
enhance photocurrent and H2 production by providing abundant
OH� ions, which catalyse the oxygen-evolution reaction, but at
elevated pH ZnO dissolves.37 Neutral salt electrolytes (like Na2SO4

at pH 7) develop mild conditions with moderate photocurrents
and reduced initial corrosion, but ZnO continues to photo
dissolve gradually as photogenerated holes form localised H1+

that leach Zn2+ ions from its lattice.37 In acidic conditions (e.g., in
HCl), ZnO photocorrodes rapidly through direct proton attack
(ZnO + 2H+ - Zn2+ + H2O), leading to extensive dissolution and
loss of photocatalytic function.

Special buffer electrolytes, such as borate and carbonate,
significantly enhance ZnO’s activity and stability: at moderately
alkaline pH (9–11), they retain high photocurrents (e.g., 99%
initial value after 1 h) and generate protecting layers or inter-
mediates, which inhibit ZnO photocorrosion.37,38 ZnO nano-
wire films generated hydrogen in the presence of a Na2S/
Na2SO3 sacrificial mixture, which acts as an efficient hole
scavenger, achieving a rate of 0.53 mmol cm�2 h�1 under
broadband illumination with excellent stability over 50 h.38,39

Nevertheless, despite these advantages, the overall PEC perfor-
mance in these electrolytes remains lower than that achieved in
strong alkaline (NaOH) or strongly acidic (HCl) environments,
highlighting the challenge of balancing activity with long term
ZnO stability.

Despite notable progress, ZnO based photoanodes still suffer
from limited visible-light absorption, rapid charge recombination,
and insufficient operational stability. In this work, we address
these limitations through synergistic Al/Fe dual doping of ZnO
nanorod thin films, a strategy that not only tailors the electronic
structure but also induces a distinct nanoporous surface archi-
tecture. This dopant-driven nanoporosity significantly increases
the electroactive area and enhances charge separation and trans-
port. Additionally, electrolyte-dependent studies using NaOH,
Na2SO3, and other pH-tuned media were performed to optimize
interfacial kinetics and operational stability. Our findings reveal
that the combination of nanoporosity engineering and dual-
dopant modulation, together with tailored electrolyte conditions,
significantly enhances photoelectrochemical hydrogen evolution
performance compared with pristine ZnO. In the following sec-
tions, we detail the synthesis of the nanoporous dual-doped ZnO
nanorods, their structural and electrochemical characterization,
and the evaluation of their PEC activity under different electrolyte
environments.

2. Experiments and methods
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3)2�6H2O) was obtained from
Fisher Scientific, sodium nitrate (NaNO3) from Acros Organics,
hexamethylenetetramine (HMTA, C6H12N4) and sodium hydroxide
(NaOH) from Merck aluminium nitrate nonahydrate (Al(NO3)3�

9H2O), iron nitrate nonahydrate (Fe(NO3)3(H2O)9) sodium sulfite
(Na2SO3), and sodium sulfide (Na2S) were purchased from Thermo
Scientific. Fluorine-doped tin oxide (FTO) glass substrates (NSG
TEC 5) were provided by Pilkington. All chemical reagents were
used without further purification, and all solutions were prepared
using double-distilled water.

2.2 Preparation of photoanode

Pure and Al-doped ZnO nanorod (NR) films were synthesized
on fluorine-doped tin oxide (FTO) glass substrates via a standard
three-electrode electrochemical deposition system comprising
a saturated Ag/AgCl reference electrode, a Pt wire counter
electrode, and an FTO working electrode. The deposition was
performed from an aqueous solution containing 75 mM
Zn(NO3)2�6H2O, 0.1 M NaNO3, 25 mM hexamethylenetetramine
(HMTA), and Al(NO3)3�9H2O and Fe(NO3)3�9H2O at 0, 1, 5, and 10
mol% relative to Zn(NO3)2�6H2O. Prior to deposition, the FTO
substrates were ultrasonically cleaned in distilled water, ethanol,
and acetone, then dried. A two-step potentiostatic deposition
process was employed: a brief �1.3 V pulse (vs. Ag/AgCl) for
0.5 seconds to create a seed layer, followed by growth at �1.0 V
(vs. Ag/AgCl) for 1200 s at 80 1C. After electrodeposition, the films
were rinsed with deionized water, air dried, and annealed at
temperatures up to 500 1C for 1 hour. The growth mechanism
involves the electrochemical generation of OH� ions, which react
with Zn2+ to form Zn(OH)2 on the cathode surface. Upon heating,
Zn(OH)2 dehydrates to form crystalline ZnO. HMTA serves as a
pH buffer and a slow releasing source of OH� ions, controlling
ZnO morphology and nanorod alignment through regulated
nucleation and growth dynamics. The doping optimization was
carried out by systematically varying the Al/Fe co-doping con-
centrations (0, 1, 5, and 10 mol%) to identify the composition
yielding the highest photocurrent density. The optimal perfor-
mance was achieved at 5 mol% co-doping. Subsequently, corres-
ponding single-doped samples (Al-only and Fe-only) were
prepared at the same concentrations to enable direct compar-
ison of individual and synergistic effects. All deposition proce-
dures were conducted using an Autolab PGSTAT30 system
controlled via NOVA 2.1 software.

2.3 Materials characterization

The structural, morphological, compositional, optical, and
photoelectrochemical properties of the synthesized ZnO-based
thin films were systematically investigated using a range of
characterization techniques. Crystallographic analysis was con-
ducted using a Bruker D8 advance X-ray diffraction (XRD)
system. Surface morphology and nanostructural features were
examined by scanning electron microscopy (SEM) using an FEI
XT Nova NanoLab 600 instrument.

Elemental composition and dopant distribution within the
thin-film coatings were examined by energy-dispersive X-ray
spectroscopy (EDS) using an Oxford Instruments X-MAXN
system integrated with the scanning electron microscope. The
micro X-ray fluorescence instrument (m-XRF analysis was per-
formed using a Bruker M4 Tornado plus m-XRF mapping system
equipped with a micro-focused Rh source (50 kV, 600 mA) with a
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poly-capillary optic (25 mm spot-size). The detector of m-XRF
system employed two silicon drift detectors (SDD) to collect
fluorescence spectra from the specimen. Optical transparency
was assessed using a PerkinElmer UV-vis spectrophotometer.
The optical band gap (Eg) of the films was calculated from the
absorbance spectra using Tauc’s method to determine the
nature of the electronic transitions.

X-ray photoelectron spectroscopy (XPS) was performed using
an ESCALAB 250Xi spectrometer (Thermo Scientific) with
monochromated Al Ka radiation (1486.6 eV). Spectra were
acquired in selected area mode (900 mm). Survey scans (1 eV
step, 150 eV pass energy) and high-resolution scans (0.1 eV step,
20 eV pass energy) were collected for Fe 2p, Zn 2p, C 1s, and O
1s regions. Data were analyzed using Thermo Avantage (v5.952),
with binding energies calibrated to the C 1s peak at 285.0 eV.
The FWHM of Fe 2p peaks was constrained between 1.0–1.5 eV.

2.4 Photoelectrochemical performance evaluation

Photoelectrochemical (PEC) measurements were performed
using a Metrohm Autolab PGSTAT302N workstation with a
three-electrode setup: a platinum wire as the counter electrode,
an Ag/AgCl saturated with (3 M KCl) reference electrode, and
the FTO coated ZnO-based film as the working electrode. 1 M
NaOH, 0.1 M Na2SO3, 0.1 M (mix of 25% Na2S, and 75%
Na2SO3), and 0.5 M Na2SO4 aqueous solutions served as the
electrolyte. Simulated solar irradiation 1 sun was provided by a
Newport 66902 xenon lamp (300 W) equipped with UV filter.
Linear sweep voltammetry (LSV) was recorded in the range of
�0.3 V to +0.6 V at a scan rate of 10 mV s�1. All measurements
were performed under front side illumination with the working
electrode area fixed at 1.0 cm2. The applied potential vs. the
reversible hydrogen electrode (RHE) was calculated using the
Nernst equation:

ERHE = EAg/AgCl + 0.1976 + 0.0591 � pH (1)

Mott–Schottky (M–S) analysis was performed in the dark by
recording capacitance voltage characteristics at a fixed fre-
quency of 1 kHz with an AC perturbation of 5–10 mV, sweeping
the applied potential from 0 to 1.8 V vs. RHE. The resulting
1/C2–V plots were used to estimate the flat-band potential (Vfb)
from the x-intercept and donor carrier density (ND) from the
slope, assuming a dielectric constant of 8.5 for ZnO. Electro-
chemical impedance spectroscopy (EIS) was also conducted
under both dark and illuminated conditions using the same
three-electrode configuration. EIS measurements were carried
out over a frequency range of 0.1 Hz to 100 kHz with an AC
amplitude of 10 mV at open-circuit potential.

The hydrogen generation rate was evaluated by collecting
the evolved gas from the PEC reactor and analysing it using gas
chromatography (GC, PerkinElmer Clarus 580) equipped with a
thermal conductivity detector (TCD) and a molecular sieve
column. Prior to measurement, the GC system was calibrated
using standard hydrogen–nitrogen gas mixtures. The experi-
ments were performed under continuous 1 sun illumination for
5 h at an applied potential of 1 V vs. RHE, with hydrogen

quantified at regular intervals using high-purity N2 as the
carrier gas.

3. Results and discussion
3.1 X-ray diffraction analysis

The crystalline structure of pristine ZnO thin films, Al doped
ZnO, Fe doped ZnO, and Al/Fe-doped ZnO was characterized
using X-ray diffraction (XRD), as shown in Fig. 1. The diffraction
patterns distinctly reveal high intensity peaks corresponding to
the crystal planes (100), (002), (101), (102), and (110), all aligned
with the hexagonal wurtzite ZnO phase (JCPDS card no. 00-036-
1451).14,40 Importantly, no diffraction peaks indicative of second-
ary phases, such as metallic Al, Al2O3, Fe, or iron oxides, were
observed. This absence confirms the effective substitution and
incorporation of Al3+ and Fe3+ ions into the ZnO lattice without
the formation of detectable impurities or segregated compounds.

The most intense diffraction peaks across all samples were
the (002) and (101) reflections, with the (002) peak signifying a
strong preferential growth orientation along the c-axis perpendi-
cular to the substrate surface.41 Upon Al doping, the (002) peak
notably shifts to higher diffraction angles, indicating lattice
expansion attributed to the replacement of Zn2+ ions with Al3+

ions, thus confirming successful doping. Introducing Fe as an
additional dopant alongside Al further accentuates this shift,
clearly highlighting successful dual doping.42,43

The intensity of the (002) diffraction peak increases signifi-
cantly upon doping, doubling with Al incorporation and rising
more than twentyfold with Al/Fe co-doping. This enhancement is
primarily attributed to improved c-axis preferential orientation.42,43

In electrodeposited ZnO nanorods, the (002) reflection reflects the
fraction of crystallites aligned with their c-axis normal to the
substrate. Al3+ promotes anisotropic growth by modifying surface
energies and suppressing lateral growth, while Fe3+ further influ-
ences growth kinetics through lattice strain and defect formation,
enhancing vertical alignment when combined with Al.

Fig. 1 XRD patterns of pristine ZnO nanorod thin films, Al-doped ZnO,
Fe-doped ZnO and Al and Fe doped ZnO, all deposited on FTO substrates.
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However, Fe single-doped ZnO does not exhibit dominant
(002) orientation, as the (100) and (101) reflections remain
predominant, indicating that Fe alone does not induce c-axis
alignment.44 Instead, Al is the main driver of anisotropic
structural orientation, while Fe primarily affects defect for-
mation and growth kinetics rather than crystal growth direc-
tion. Although peak intensity may also vary with film
thickness, the strong enhancement of the (002) peak in the
co-doped sample supports dopant-induced preferential
orientation.41,42

Crystallite sizes were estimated using the Scherrer equation:

D ¼ Kl
b cos y

(2)

where K = 0.9 was used as the shape factor, l = 1.5406 Å
corresponds to Cu Ka radiation, and b represents the full width
at half maximum (FWHM). The average crystallite size
decreased from 55.91 nm for pristine ZnO to 36.75 nm upon
Al doping, and a further slight reduction to approximately
35.14 nm with Al and Fe dual doping. Such reductions reflect
restricted crystallite growth due to lattice strain and increased
defect density resulting from doping, aligning well with pre-
vious studies in the literature.45,46 Moreover, the simultaneous
decrease in crystallite size (increased FWHM) indicates that the
(002) peak enhancement arises mainly from improved texture
rather than increased crystallinity. Additionally, doping causes
an observable increase in lattice constants; specifically, the
lattice constant c (measured from peak (002)) increased from
5.2063 Å (ZnO) to 5.2078 Å (Al doped ZnO) and further slightly
to 5.2079 Å (Al and Fe doped ZnO). Similarly, lattice constant a
(measured from peak (100)) expanded from 3.250 Å (ZnO) to
3.251 Å for both Al doped ZnO and Al and Fe doped ZnO.

3.2 X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed to investigate the surface
chemical composition and electronic structure of ZnO and Fe/
Al co-doped ZnO samples. Survey spectra confirm that both
surfaces are dominated by Zn and O, with carbon (10.8–13.1 at%)
attributed to adventitious carbon and minor carbonate species.
Trace chloride is also detected (1.6–1.9 at%). The Fe concentration
is low, detected at B0.6–0.8 at% in Fe/Al co-doped ZnO, while only
a very weak signal near the detection limit is observed in pristine
ZnO. Aluminium is below the detection limit of XPS (B0.1 at%) in
both samples, consistent with its low concentration and in agree-
ment with EDS and mXRF results.

High-resolution C 1s spectra for both samples show a
dominant C–C peak at B284.2–284.4 eV (Fig. 2a and b),
consistent with the standard reference (B284.8 eV),47 confirm-
ing negligible surface charging. Additional components corres-
ponding to C–O and carbonate species are observed, indicating
the presence of surface-adsorbed carbon species. The presence
of carbonate suggests that contributions from surface adsor-
bates must be considered when interpreting the O 1s spectra.

The O 1s spectra exhibit two main components: a dominant
peak at B530.2 eV attributed to lattice oxygen (O2� in ZnO),
and a higher binding energy component at B531–532 eV
(Fig. 2c and d).48 This secondary peak is commonly associated
with defect-related oxygen species, including surface hydroxyl
groups, carbonate species, and possible oxygen vacancies.49,50

However, due to the overlap of contributions from carbonate
species and other surface adsorbates, XPS alone cannot unam-
biguously distinguish or quantify oxygen vacancies.50

The Zn 2p3/2 peak is observed at B1020.4 eV for ZnO and
shifts to B1021.5 eV for Fe/Al co-doped ZnO, consistent with
Zn2+ in ZnO (Fig. 2e and f).48 The slight positive shift in the

Fig. 2 High-resolution XPS spectra of ZnO and Fe–Al–ZnO samples: (a) and (b) C 1s showing C–C, C–O, and carbonate (CO3) contributions; (c) and (d)
O 1s deconvoluted into lattice oxygen (B530 eV) and higher binding energy components (B531–532 eV) associated with defect-related oxygen and
surface species; (e) and (f) Zn 2p3/2 confirming Zn2+ in ZnO with a slight binding energy shift upon doping; (g) and (h) Fe 2p spectrum of Fe–Al–ZnO
exhibiting broad multiple features consistent with Fe2+/Fe3+ states, while the ZnO sample shows only a weak Fe signal near the detection limit.
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doped sample indicates modification of the local electronic
environment due to dopant incorporation and defect interac-
tions, suggesting changes in the electronic structure.

The Fe 2p spectra of the pristine ZnO and Fe/Al co-doped
ZnO sample exhibit broad and asymmetric features with multi-
ple splitting and satellite structures characteristic of transition
metal species (Fig. 2g and h). These features are qualitatively
consistent with the presence of mixed Fe2+ and Fe3+ states.51,52

However, due to the low Fe concentration, spectral noise, and
binding energy shifts, reliable quantification of the oxidation
states is not possible. In contrast, the Fe 2p signal in pristine
ZnO is very weak and close to the detection limit and therefore
is not considered significant for detailed analysis.

3.3 Morphology analysis

The surface morphology of the synthesized films deposited on
FTO substrates by electrochemical deposition was examined
using SEM, and particle size distributions were determined
from statistical analysis of multiple SEM images using ImageJ
software. The pure ZnO nanorods (Fig. 3a) exhibited a dense,
vertically aligned array with a mean diameter around 220 nm,
indicating highly uniform growth with a narrow size distribution.
Such uniformity is commonly attributed to preferential c-axis
growth in high-quality ZnO nanorods synthesized under controlled
conditions.53,54 Upon Al doping (Fig. 3b), the nanorod diameter
slightly decreased to 210 nm, reflecting increased nucleation
density and suppressed lateral growth due to the incorporation
of smaller Al3+ ions into the Zn2+ lattice.55,56 This morphological
refinement enhances the surface-to-volume ratio, which could

increase the density of active sites for surface reactions, potentially
improving photocatalytic and PEC performance. Moreover, alumi-
nium doping leads to reduced diameter uniformity and promotes
the development of slightly sharpened nanorod tips.

In the case of Fe-doped ZnO (Fig. 3c), the nanorod diameter
increased significantly to an average of approximately 735 nm,
accompanied by reduced size uniformity. The rods exhibited
rounded tips and a porous surface texture. This enlargement
suggests that Fe3+ incorporation alters the growth kinetics
during electrochemical deposition, promoting enhanced lateral
growth and inducing lattice distortion. The formation of sur-
face porosity is likely associated with Fe3+ substitution for Zn2+,
which introduces lattice strain, and localized defect formation
during crystallization.

In contrast, Fe co-doping with Al led to a significant increase
in the average nanorod diameter to E583 nm, accompanied by
a broader size distribution (Fig. 3d). The incorporation of Fe3+

ions likely altered the growth kinetics by introducing lattice
strain and modifying the local electric field during electroche-
mical deposition, which promoted lateral rather than axial
extension of the nanorods.46 As a result, the arrays exhibited
reduced size uniformity but improved crystallinity, as indicated
by their sharper hexagonal facets and well-defined edges. These
structural refinements may enhance light scattering and expose
more reactive crystal facets, both of which contribute to the
superior PEC performance observed for the Fe-co-doped sample.
Moreover, as shown in (Fig. 3e), the nanorod surfaces are densely
covered with nanopores of an average diameter of approximately
75 nm, while the cross-sectional FIB-SEM image (Fig. 3f) clearly

Fig. 3 SEM images of ZnO nanorods with different doping conditions: (a) pure ZnO at 5 mm scale. (b) Al-doped ZnO (AZO) at 5 mm scale. (c) Fe-doped
ZnO at a 5 mm scale; (d) Al/Fe co-doped ZnO at a 5 mm scale; (e) high-magnification view at a 0.5 mm scale highlighting the nanoporous surface texture;
and (f) FIB-SEM cross-section showing the porous uniformly covering the ZnO nanorods.

Paper Energy Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00362h


© 2026 The Author(s). Published by the Royal Society of Chemistry Energy Adv.

reveals an internally porous structure with vertically aligned rods
of around 1.5 mm in length. The corresponding aspect ratio
(height-to-diameter) is therefore about 2.6 : 1, indicating moderate
elongation and well-ordered vertical alignment. The formation of
such nanoporosity can be attributed to Fe3+ substitution for Zn2+,
which introduces lattice distortion, oxygen vacancies, and uneven
growth rates, leading to the spontaneous creation of voids and
channels during crystallization.

The nanoporous architecture in Al/Fe co-doped ZnO nanorods
originates from dopant-induced lattice strain and defect genera-
tion during electrochemical deposition. During electrochemical
deposition, the simultaneous incorporation of small radius Al3+

(E0.53 Å) and larger Fe3+ (E0.64 Å) ions into the ZnO lattice
introduces competing local lattice strains.57 Al3+ induces com-
pressive distortion while Fe3+ causes tensile stress.57–59 This
mismatch creates microstrain fields, and might be promotes
oxygen vacancy formation, and enhances defect diffusion and
clustering. In particular, the substitution of Zn2+ by Al3+ or Fe3+

introduces excess positive charge into the lattice. Charge neutral-
ity may be maintained via electron donation and/or formation of
oxygen vacancies, whose formation energy can be reduced by
dopant-induced lattice strain and defect interactions.22,60,61 The
vacancy formation may combine into voids and channels along
grain boundaries. The presence of Al3+ accelerates nucleation and
affects growth kinetics, causing anisotropic growth fronts and
non-uniform grain coalescence.62 The interplay of dopant stress,
defect diffusion, and uneven nucleation drives the development of
interconnected nanoscale porosity, which has the potential to
increase effective surface area, improving light scattering, facil-
itating electrolyte access, and enhancing charge separation all
contributing to better photoelectrochemical performance.

3.4 TEM analysis

To further elucidate the microstructure of the dual-doped
ZnO nanoporous nanorods, transmission electron microscopy
(TEM) analysis was performed. The thin film was mechanically
scratched from the substrate and dispersed in acetone prior
to TEM observation. Due to the intrinsic mechanical fragility of
the highly nanoporous structure, the original nanorod mor-
phology was partially damaged during sample preparation
(Fig. S1a and b). Bright-field TEM images (Fig. S1a) show
fragmented dual-doped ZnO nanorods with broken edges,
exhibiting a nanoporous architecture with an average pore
diameter of B50 nm. A higher-magnification image (Fig. S1b)
reveals clearly distributed nanopores with sizes ranging from
approximately 20 to 70 nm.

High-resolution TEM (Fig. S1c) reveals the presence of
multiple crystalline domains within individual nanorods, indi-
cating a polycrystalline structure likely arising from dopant-
induced strain and enhanced nucleation during growth. Clear
lattice fringes with interplanar spacings of 0.26 nm and
0.282 nm are observed, corresponding to the (002) and (100)
planes of hexagonal wurtzite ZnO, respectively. A spacing of
B0.52 nm, equivalent to twice the (002) interplanar distance, is
also detected, further confirming c-axis-related crystallographic
ordering. The selected area electron diffraction (SAED) pattern

(Fig. S1d) exhibits concentric diffraction rings indexed to the
hexagonal wurtzite ZnO phase, confirming the polycrystalline
nature of the nanoporous nanorods.

3.5 Elemental mapping and dopant analysis

EDS mapping confirmed the presence and uniform distribution
of Zn, O, Al, and Fe elements in the co-doped ZnO nanorods
(Fig. S2a–e). The Zn map (Fig. S2b) showed slightly intense areas,
likely due to variations in film thickness and surface topography
or it could be local Zn-rich zones. In contrast, the O map
(Fig. S1c) exhibited a highly uniform distribution, indicating of
ZnO structure. Both Al and Fe maps (Fig. S1d and e) were
homogeneously dispersed, verifying successful co-doping with-
out secondary phase formation. These results verify uniform
elemental incorporation and supporting the structural integrity.
SEM and TEM–EDS analyses (Tables S1 and S2) confirm the
successful doping of Al and Fe into the ZnO nanorods, with Zn
and O as the dominant elements. The slightly Zn-rich composi-
tion may indicate possible oxygen deficiency.

To further confirm the EDS results and validate the successful
incorporation of both dopants into the ZnO nanorod structure,
the m-XRF spectrum (Fig. S3a) clearly displays the characteristic
emission peaks of Zn, Al, and Fe, confirming the successful
incorporation of both dopants into the ZnO nanorod structure.
The inset zoomed region highlights the low-energy Al Ka peak,
further validating its presence within the film. Quantitative
normalized m-XRF analysis (Table S3) shows that Zn is the
dominant element (78.27 at%), followed by O (20.27 at%), while
Al and Fe are present at 1.06 at% and 0.40 at%, respectively,
confirming successful dual doping. The corresponding elemen-
tal mapping images Fig. S3b (Zn), Fig. S3c (Al), and Fig. S3d (Fe)
demonstrate that Zn is uniformly distributed across the nanorod
array; the variation in colour intensity reflects thickness differ-
ences rather than compositional fluctuations. In contrast, Al and
Fe exhibit a homogeneous distribution without any observable
dopant aggregation or clustering, proving uniform dual-dopant
incorporation throughout the nanorod film.

Elemental analysis suggests possible oxygen deficiency,
which may be associated with oxygen vacancies, although other
defects such as Zn interstitials or general non-stoichiometry
may also contribute.59–61,63 EDS and m-XRF clearly confirm the
presence of Al and Fe dopants, with TEM–EDS indicating a
higher local dopant concentration than surface-sensitive tech-
niques, suggesting a non-uniform dopant distribution through
the film thickness. This may indicate reduced dopant concen-
tration near the surface, possibly related to growth and con-
ductivity changes during thickening. Such a depth-dependent
dopant distribution could also explain why Al was not detected
by XPS, given its surface sensitivity and the fact that the Al
content is close to or below the XPS detection limit.

3.6 Optical analysis

The optical properties of the thin films were investigated using
absorbance spectroscopy (300–800 nm) to evaluate their light-
harvesting capabilities. Fig. 4a shows that Al/Fe doped ZnO
exhibits a noticeable red shift in the absorption edge and a
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modest enhancement of the absorption tail extending into the
visible region compared to pristine and Al-doped ZnO. The pure
ZnO thin film presents a sharp absorption at B375 nm, corres-
ponding to its intrinsic band gap, with strong UV absorption but
limited visible-light response. Upon Al doping, the absorption
edge exhibits a slight blue shift, consistent with a minor band gap
widening attributed to the Burstein–Moss effect, where Al3+ sub-
stitution for Zn2+ increases free carrier concentration and partially
fills the conduction band.64 In contrast, Fe-doped ZnO and Al/Fe
co-doped sample shows a red shift in the absorption edge,
indicating the formation of intermediate energy states within
the band gap, most likely introduced by Fe3+ incorporation.65

Moreover, Fe-doped ZnO alone exhibits a slightly greater red shift
than the Al/Fe co-doped film because the absence of Al-induced
Burstein–Moss band filling allows Fe-related impurity and defect
states to dominate, resulting in modest band-gap narrowing and
enhanced visible-light absorption. These states extend the photo-
response into the visible region, while Al3+ simultaneously enhances
carrier concentration and electrical conductivity.

Band gap values, estimated from Tauc plots derived from the
absorption spectra, were found to be 3.15 eV for pure ZnO, 3.18 eV
for Al-doped ZnO, 3.05 eV for Fe-doped ZnO and 3.10 eV for Al/Fe
co-doped ZnO. The slight increase in band gap for AZO supports
the Burstein–Moss effect, whereas the reduction for the Fe and co-
doped sample is attributed to band gap renormalization and Fe3+

induced defect states that enhance visible-light absorption.66

Photoluminescence (PL) spectroscopy was employed to further
investigate the electronic band structure and defect states, with
spectra recorded from 300 to 700 nm at room temperature using a
320 nm excitation wavelength Fig. 4b. All samples exhibit a sharp
emission near-band-edge (NBE) emission at around (400 nm)
accompanied by weaker broad deep-level emissions (DLE) at
visible-region (450–650 nm).

For pure ZnO, the NBE peak appears at 397 nm, corresponding
to excitonic and shallow donor-related recombination in the wurt-
zite ZnO lattice, accompanied by a broad visible emission associated
with intrinsic defects such as oxygen vacancies and zinc interstitials
(Zni).

67,68 The slight red shift of the optical edge toward B390–
400 nm is consistent with morphology- and thickness-related effects
commonly reported for ZnO nanostructures, which are attributed to
structural disorder, defect-induced band tailing (Urbach states).69 Al
doping shifts the NBE to B390 nm with significantly enhanced
intensity, indicating of successful doping.68 Al/Fe co-doping results
in a red-shifted NBE at B405 nm, in agreement with the UV-vis
band gap and previous research.66 The presence of Fe introduces
intermediate or defect-states that likely facilitate absorption at lower
energies.70 This red shift is shows successfully doping of Fe counter-
act the Burstein–Moss blue shift typically induced by Al doping. In
comparison, Fe-doped ZnO exhibits a further red shift to B407 nm,
reflecting a more pronounced influence of Fe-related defect levels
on the recombination process. The visible emission intensity is
notably reduced compared to pure ZnO, indicating modification of
defect-related recombination pathways. While reduced PL intensity
may suggest decreased radiative recombination, it can also arise
from enhanced non-radiative recombination via deep defect states,
particularly in heavily doped and defect-rich systems such as Al/Fe
co-doped ZnO. The presence of residual emission in the 500–
600 nm range supports the existence of deep-level defects, likely
associated with Fe-related complexes or oxygen vacancies. However,
the improved photocurrent and charge-transfer behavior suggest
that the overall effect of these defect states is beneficial for photo-
electrochemical performance.

3.7 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed
to evaluate the charge-transport behaviour of the Al/Fe doped

Fig. 4 (a) UV-Vis absorption spectra of pure ZnO, Al-doped ZnO, Fe-doped ZnO and Al and Fe doped ZnO thin films, showing the shift in absorption
edge with doping. (b) Photoluminescence spectra of the corresponding samples recorded at room temperature with an excitation wavelength of
320 nm, illustrating changes in near-band-edge emission and defect-related deep-level emissions with doping.
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ZnO thin-film photoanodes, and all impedance spectra were
fitted using Autolab NOVA 2.1. The Nyquist plots for pristine,
Fe and Al-doped ZnO were well modelled using a standard
equivalent circuit, consistent with a single interfacial charge-
transfer process. In contrast, the Al/Fe doped sample under
illumination required an extended two-time constant model,
due to the clear presence of two semicircles.

Pristine ZnO exhibited one large semicircle, with a high
charge transfer resistance of Rct = 3420 O cm2 (dark), decreasing to
2240 O cm2 (light), reflecting sluggish interfacial kinetics and low
photogenerated carrier density (Fig. 5a). Al doping moderately
improved charge transport, reducing Rct to = 3140 O cm2 (dark)
and = 1050 O cm2 (light), indicating enhanced conductivity and
improved interfacial charge transfer, although bulk resistance
remained substantial (Fig. 5b). Fe-doped ZnO exhibited a further
improvement in charge-transfer characteristics, with Rct decreas-
ing to Rct to = 2900 O cm2 in the dark and 220 O cm2 under
illumination (Fig. 5c). The Nyquist plot displayed a well-defined
semicircle, indicating a predominantly single charge-transfer pro-
cess with relatively uniform interfacial kinetics. The pronounced
reduction in Rct under light suggests enhanced photogenerated
carrier separation and more efficient interfacial charge transfer
compared to pristine and Al-doped samples. This improvement is
attributed to Fe-induced defect states and increased carrier den-
sity, which facilitate charge transport while maintaining a com-
paratively homogeneous electrochemical interface.

The Al/Fe doped ZnO displayed a distinctly different impe-
dance response. In the dark, the co-doped electrode exhibited a

much lower Rct = 553 O cm2, significantly outperforming pristine
and single-doped samples (Fig. 5d). Under illumination, two
well-resolved semicircles emerged: a high-frequency bulk/space-
charge resistance of Rb = 33.5 O cm2, and a low-frequency
interfacial charge-transfer resistance of only Rct = 103 O cm2

(Fig. 5e). The appearance of two semicircles confirms the activa-
tion of multiple charge-transport pathways, where Al improves
bulk conductivity, while Fe introduces shallow donor states,
surface defects, and nanoporosity, collectively enabling defect-
assisted and catalytic charge transfer.71

Across the ZnO, AZO, and Al/Fe–ZnO series, the progressive
decrease in series resistance and the substantial reduction in
charge-transfer resistance demonstrate that dual Al/Fe doping
significantly enhances both bulk charge transport and interfacial
reaction kinetics. These improvements are fully consistent with the
markedly higher photocurrent density and hydrogen-generation
performance observed for the Al/Fe co-doped ZnO photoanode.

3.8 Mott–Schottky analysis

The electrochemical characteristics of the ZnO-based photoanodes
were examined using Mott–Schottky (M–S) analysis (Fig. 6a–c). The
linear regions of the (1/C2) versus potential plots provide critical
insights into the semiconductor/electrolyte interface, revealing the
conductivity type, donor density (Nd), and flat-band potential (Efb).
It should be noted that, due to the porous nanorod morphology
and defect-rich interfaces, the extracted Nd values represent appar-
ent donor densities rather than absolute values, as non-ideal
capacitance behaviour, frequency dispersion, and interfacial area

Fig. 5 Electrochemical impedance spectroscopy Nyquist plots of ZnO-based thin films under dark and light conditions. (a) Pristine ZnO under dark and
light. (b) Al doped ZnO under dark and light. (c) Fe-doped ZnO under dark and light. (d) Al/Fe doped ZnO under dark conditions. (e) Al/Fe co-doped ZnO
under light.
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effects may contribute to the measured capacitance. In porous
electrodes, the increased electrochemically active surface area is
commonly described by a roughness factor (RF = Cdl/Cdl,flat), which
may further influence the measured capacitance but is not expli-
citly included in the Mott–Schottky Nd calculation. All the electro-
des displayed linear regions with positive slopes, confirming their
n-type semiconducting behaviour, consistent with the intrinsic
electronic structure of ZnO.68

For the undoped ZnO electrode (Fig. 6a), the M–S plot exhib-
ited a relatively steep positive slope of 1.51 � 1012 F�2 V�1,
corresponding to a donor density of 1.1 � 1019 cm�3 and an Efb

of �0.09 V vs. RHE. Near result in previous research.68,72 Al
doping markedly improved the electrical properties by substitut-
ing Zn2+ with Al3+, introducing extra conduction electrons
(Fig. 6b). The slope for Al doped ZnO (AZO) decreased significantly
to 1.93 � 1011 F�2 V�1, yielding a higher donor density of 8 �
1019 cm�3. The flat-band potential shifted slightly negative to
�0.1 V vs. RHE, reflecting an upward shift in the conduction band
edge, which facilitates faster electron transfer into the electrolyte.
This confirms that Al incorporation enhances n-type conductivity
and reduces series resistance, thereby improving charge separa-
tion and photoelectrochemical hydrogen generation efficiency.

For Fe-doped ZnO, (M–S) plot (Fig. 6c) exhibited a relatively
steep positive slope of 4.04552 � 1011 F�2 V�1, confirming its
n-type semiconducting behaviour. This slope corresponds to a
donor density of approximately 4.1 � 1019 cm�3, indicating a
substantial increase in charge carrier concentration compared
to pristine ZnO. The enhanced donor density is attributed to

Fe3+ incorporation, which introduces shallow donor states and
defect levels that facilitate charge transport. In addition, the
apparent flat-band potential was determined to be �0.12 V vs.
RHE, suggesting a favourable band alignment for photoelec-
trochemical hydrogen generation efficiency and improved
interfacial charge separation efficiency. Although Al-doped
ZnO exhibits a higher donor density, Fe-doped ZnO shows a
more negative flat-band potential, which may be attributed to
Fe-induced defect states and possible oxygen vacancies that
modify band-edge positions and interfacial energetics beyond
simple carrier concentration effects.22

Dual doping with Al and Fe further amplified the electronic
conductivity and photoactivity (Fig. 6d). It exhibited an even
smaller slope of 8.82 � 1010 F�2 V�1, corresponding to a high
donor density of 1.9 � 1020 cm�3 and the apparent flat-band
potential was �0.19 V vs. RHE. The co-doping introduced
shallow donor states and facilitated Fe3+/Fe2+ redox mediation,
improving interfacial charge transport. The higher donor
concentration and reduced space charge resistance in Al and
Fe doped ZnO explain its stronger tendency for hydrogen
evolution under illumination, as the Fermi level is closer to
the conduction band, enabling electrons to reach potentials
much below the H+/H2 level. Moreover, illumination caused a
negative shift in the apparent flat-band potential for all sam-
ples, consistent with photo excited quasi-Fermi level move-
ment. The FTO substrate also contributed to enhanced carrier
collection, particularly under light bias, by providing a highly
conductive pathway for photogenerated electrons.

Fig. 6 Mott–Schottky plots of (a) undoped ZnO nanorods, (b) Al-doped ZnO nanorods, and (c) Fe-doped ZnO nanorods (d) Al and Fe co-doped ZnO
nanorods. (e) Band edge alignment and charge transfer pathways of ZnO, Al doped ZnO, and Al and Fe doped ZnO on FTO versus RHE, illustrating
electron extraction to platinum for HER and hole-driven OER.
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3.9 Band edge alignment

Fig. 6e shows qualitative illustration of the band edge align-
ment of ZnO, Al doped ZnO, and Al/Fe doped ZnO photoanodes
deposited on FTO substrates, plotted versus (RHE) at pH 9. All
three ZnO-based materials possess conduction band minima
(CBM) positioned more negative than the hydrogen evolution
potential (0 V vs. RHE), while their valence band maxima (VBM)
extend well beyond the oxygen evolution potential (+1.23 V vs.
RHE) confirming full thermodynamic suitability for overall
water splitting.

This enhanced performance can be attributed to several
synergistic factors. First, the flat-band potentials extracted from
the Mott–Schottky plots were determined to be �0.09, �0.10,
�0.12, and �0.19 V vs. RHE for pristine ZnO, Al-doped ZnO, Fe-
doped ZnO, and Al/Fe co-doped ZnO, respectively. These values
serve as approximate indicators of the conduction-band edge
positions. And the corresponding VBMs estimated from Efb + Eg

(+3.06, +3.07, +3.00 and +2.91 V vs. RHE) represent apparent
band-edge positions; these shifts arise from doping-induced
modifications of the Fermi level and band bending rather than
true movement of the intrinsic valence band.

Moreover, the FTO substrate, whose conduction band is
positioned near +0.05 V vs. RHE, provides an energetically
favourable pathway for electron extraction and transport to
the counter electrode. Consequently, photogenerated electrons
migrate efficiently from the ZnO conduction band into FTO,
acquiring sufficient driving force to reduce protons at the
cathode. In addition, under illumination the electron quasi-
Fermi level in the semiconductor shifts toward more negative
potentials, effectively increasing the reduction potential.73 The
high donor density induced by Al and Fe co-doping ensures
abundant free carriers, while surface catalytic sites minimise
the kinetic overpotential required for H2 evolution.

3.10 PEC performance

The photoelectrochemical performance of ZnO, Al doped ZnO
(AZO), and Al and Fe co-doped ZnO electrodes was system-
atically evaluated under simulated solar illumination (1 sun) in
electrolytes of varying pH including NaOH (pH 14), Na2SO3 +
Na2S (pH 11.44), Na2SO3 pH 9 and Na2SO4 (pH 7). Potentials
were measured against Ag/AgCl (3 M KCl) and converted to the
RHE scale according to eqn (1).

Across all conditions, photocurrents increased significantly
once the potential exceeded the threshold values. Among all
samples, the Al/Fe co-doped ZnO exhibited the highest photo-
current density, reaching B3 mA cm�2 at 1 V vs. RHE. In
comparison, Al-doped ZnO achieved B2.6 mA cm�2, Fe-doped
ZnO B2.5 mA cm�2, and pristine ZnO B1.7 mA cm�2 (Fig. 7a).
This enhancement is attributed to the synergistic effects of Al,
which increases carrier density and electrical conductivity, and Fe,
which introduces intermediate states that extend light absorption
into the visible region, thereby improving charge separation and
transfer efficiency.73,74 Additionally, Fe incorporation promotes
nanorod porosity formation, which enhances surface area, light
scattering, and electrolyte penetration, significantly contributing

to the improved PEC activity.25 The doping optimization heatmap
(Fig. S4) shows that Al and Fe doping enhance PEC performance
up to an optimal level, while co-doping further improves perfor-
mance, with the best results observed at moderate concentrations,
indicating a synergistic effect at 1 V vs. RHE.

Among all electrolyte, the mixed solution of 75% Na2SO3 +
25% Na2S (pH 11.44) shows highest photocurrent (Fig. 7b).
At an applied potential of 1 V vs. RHE, Al and Fe co-doped ZnO
electrode delivered a photocurrent density approximately four
times higher in this mixed electrolyte (8.9 mA cm�2) compared
to Na2SO4 (2 mA cm�2) (pH 7) and 3 times higher than Na2SO3

(3 mA cm�2) (pH 9). NaOH shows a high current at low voltage,
which might be due to high pH (pH 14). The PEC measurements
in (75% Na2SO3 + 25% Na2S) showed a sharp rise in photo-
current at low applied voltage, reflecting efficient hole scaven-
ging by sulfide ions.75 However, unlike Na2SO4, the current–
voltage curve was not linear, displaying curved and unstable
transients due to capacitive effects and side reactions. Beyond a
certain potential, the photocurrent increase became very limited
and reduced, indicating mass-transport and surface reaction
constraints rather than voltage-driven enhancement. The most
reliable indicators of true water splitting were observed in NaOH
and Na2SO4, where the co-doped ZnO demonstrated superior
performance confirming its potential as an advanced photoa-
node material for solar hydrogen generation.74

Fig. 7c shows that during illumination, visible gas bubbles
were continuously generated on the surface of the platinum
wire while co-doped ZnO was the photoanode, confirming
active hydrogen evolution. The steady and uniform bubbling
pattern indicates efficient charge transfer and stable catalytic
activity throughout the reaction period. The results clearly show
that electrolyte composition and doping strongly influence the
photoelectrochemical response: ZnO exhibits relatively low
activity, whereas Al doping enhances the current and Al and
Fe co-doping deliver the highest values overall.

The stability profile of the Al and Fe doped ZnO reveals a
strong dependence on electrolyte environment Fig. 7d.75 The
best-performing sample was tested at 1 V vs. RHE under UV-
filtered illumination soluar simulator. In NaOH (pH 14), the
photocurrent initially reaches nearly 6 mA but decays rapidly
within the first few hundred seconds, reflecting photocorrosion
processes that are well documented for ZnO under highly
alkaline conditions.16,76 By contrast, in mix of Na2SO3 and
Na2S (pH 11.44) the photocurrent rapidly decayed within a
few seconds, and hydrogen evolution ceased after only a few
minutes, indicating severe photocorrosion and instability of
the electrode under sulfide rich alkaline conditions. The severe
instability is observed despite the hole-scavenging nature of
sulfide ions. This can be attributed to the combined effects of
alkaline dissolution and possible surface reactions between
Zn2+ and S2� species, which may lead to surface reconstruction
or passivation instability.

In Na2SO3 (pH 9), the co-doped ZnO electrode exhibited a
stable photocurrent density of approximately 3.0 mA cm�2 over
5 h, with only minor fluctuations, demonstrating excellent
operational durability under moderately alkaline conditions.
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This stability is primarily attributed to the presence of sulfite
ions, which serve as efficient hole scavengers that rapidly
consume photogenerated holes, thereby suppressing photocor-
rosion and enabling sustained hydrogen evolution. In contrast,
in Na2SO4 (pH 7), the faster photocurrent decay was observed,
which can be attributed to hole accumulation at the ZnO
surface in the absence of effective hole scavengers. Under these
conditions, the decay is primarily governed by photocorrosion
rather than chemical dissolution. The highly nanoporous mor-
phology of the ZnO nanorods further accelerates this process by
increasing the active surface area available for oxidative
reactions.

After more than four months of intermittent photoelectro-
chemical operation during which the cell was repeatedly
switched on and off over multiple days, the dual-doped ZnO
nanorod electrode exhibited pronounced morphological degra-
dation after a total accumulated illumination time of 24 000 s,
as illustrated in Fig. 8a–f. At low magnification (Fig. 8a),

extensive peeled-off regions are visible, indicating partial dela-
mination of the nanorod film from the FTO substrate due to
repeated wetting, drying, and light-induced stress. A closer view
at Fig. 8b shows that the initially dense and vertically aligned
nanorods have transformed into flake or feather like structures,
with localized thickening and surface accumulation, suggesting
dissolution reprecipitation dynamics during cyclic testing. In
Fig. 8c, this transformation is more evident, as the feather-like
features clearly replace the original rod geometry.

A higher magnification image (Fig. 8d) reveals that these flakes
are loosely bound and fragile, confirming the mechanical weaken-
ing of the photoanode surface. Further magnification (Fig. 8e)
demonstrates that the nanorods have lost their distinct hexagonal
morphology, instead forming larger, roughened grains through
partial merging and surface reconstruction. Finally, Fig. 8f presents
the highest magnification view, highlighting the highly porous and
coarse surface texture that increased after prolonged operation a
clear indication of Zn2+ leaching and structural collapse.

Fig. 7 Photoelectrochemical performance of (a) ZnO at different doping levels: pristine ZnO, Al-doped ZnO, Fe-doped ZnO and Al and Fe co-doped
ZnO electrodes measured in Na2SO3 electrolyte (pH 9); (b) Al and Fe co-doped ZnO electrodes tested in various electrolytes Na2SO3 (pH 9), 75% Na2SO3

+ 25% Na2S (pH 11.44), NaOH (pH 14), and Na2SO4 (pH 7) under solar-simulator illumination (1 sun); (c) real photograph of the photoelectrochemical
(PEC) hydrogen evolution setup. The image shows the working electrode (Al/Fe–ZnO sample), Pt wire counter electrode, and Ag/AgCl reference
electrode immersed in the electrolyte under illumination, where visible hydrogen bubbles form on the photoanode surface during water splitting. (d) Life-
cycle stability of Al and Fe co-doped ZnO in the same electrolytes under solar-simulator illumination (1 sun) at an applied potential of 1 V vs. RHE.
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The XRD pattern recorded after 5 h of PEC operation (Fig. S5)
shows the emergence of additional low-angle reflections, attrib-
uted to transient surface hydroxide or ion-associated deposits
formed during electrochemical operation in Na2SO3 electrolyte.
These peaks disappeared after rinsing/cleaning, confirming that
they originate from removable surface species rather than any
phase transformation of the ZnO wurtzite lattice. Moreover, the
relative intensity of the (002) reflection decreased, while the (100)
and (101) reflections became more pronounced, indicating a
partial loss of c-axis preferential orientation. This behavior is
consistent with surface photocorrosion and reconstruction of
the vertically aligned nanorods, involving partial ZnO dissolution
and subsequent re-precipitation processes during PEC testing.

TEM images (Fig. S6a and b) recorded after 5 h of PEC
operation in Na2SO3 electrolyte (pH 9) show that the nanoporous
framework becomes partially smoothed and decorated with
flake-like nanostructures that still retain internal nanopores.
This morphological evolution is attributed to surface photocor-
rosion during operation. The observed reduction in pore density
is associated with surface reconstruction involving partial ZnO
dissolution under applied bias, followed by re-precipitation of
zinc hydroxide and zinc sulfite/sulfate species formed through
sulfite adsorption and oxidation. These newly formed porous
flake-like deposits partially block the original nanopores, result-
ing in a denser and reconstructed surface layer.

The best-performing photoanode in this study was the Al
and Fe doped ZnO thin film, which delivered a photocurrent

density of 3 mA cm�2 at 1 V vs. RHE and 1.6 mA cm�2 at just
0.5 V when tested in 0.1 M Na2SO3 electrolyte under solar
simulator 1 sun. The high photocurrent response, together
with the stability provided by this electrolyte, makes this
sample electrolyte pair the optimal system for further analysis.

The Al and Fe co-doped ZnO photoelectrode developed in this
work exhibits markedly superior photoelectrochemical perfor-
mance compared with previously reported ZnO-based systems.
For example, ZnO/Ag2WO4/AgBr nanorods achieved a photocur-
rent density around B3 mA cm�2 for 1 V vs. RHE in Na2SO4

electrolyte,77 whereas ZnO/a-Fe2O3 heterostructures generated
B1.1 mA cm�2 for 1 V vs. RHE in 1 M NaOH electrolyte.78 These
results clearly demonstrate the synergistic enhancement
achieved through dual Al and Fe doping combined with opti-
mized electrolyte engineering, leading to a significant improve-
ment in charge separation and light-harvesting efficiency relative
to previously reported ZnO systems.

3.11 Photocatalytic hydrogen production rates

The plotted data in Fig. 9 illustrates the time-dependent
hydrogen output rate of a dual-doped ZnO thin film photoelec-
trode operating under 1 sun at an applied potential of 1 V vs.
RHE in Na2SO3 electrolyte at pH 9. The hydrogen production
rate, normalized per unit area (mL cm�2), increases steadily
from B1.7 to B5.7 mL cm�2 over 5 h, indicating continuous
and stable photoelectrochemical activity during prolonged
operation.

Fig. 8 SEM images of the dual-doped ZnO nanorod electrode after prolonged intermittent PEC operation (total illumination time: (24 000 s). (a) Peeled-
off regions on the surface (100 mm). (b) Transformation of nanorods into flake or feather like structures (50 mm). (c) Clear conversion from rods to feather-
like morphology (10 mm). (d) Loosely attached and fragile flakes on the surface (5 mm). (e) Loss of hexagonal shape and merging of adjacent rods (3 mm). (f)
Porous and rough surface indicating corrosion and Zn2+ leaching (2 mm).
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This behavior reflects the beneficial effect of the dual-doping
in enhancing charge carrier separation and visible-light absorp-
tion. The strong correlation between photocurrent response and
hydrogen evolution provides qualitative confirmation of efficient
interfacial charge transfer and stable PEC performance under
visible-light illumination.

4. Conclusion

This study shows that Al and Fe co-doping provides a powerful
strategy to overcome the intrinsic limitations of ZnO photoanodes
for PEC water splitting. The co-doped ZnO nanorods exhibited
markedly improved performance, delivering a photocurrent den-
sity of 3 mA cm�2 in Na2SO3 at 1 V vs. RHE under simulator solar
of 1 sun illumination substantially higher than pure and single
doped ZnO. Electrochemical analyses revealed favourable band
alignment, reduced charge-transfer resistance, and enhanced car-
rier density, while electrolyte studies confirmed that pH and redox
environment strongly influence onset potential and stability.
Although Na2SO3 + Na2S enabled high activity at low bias through
efficient hole scavenging, its instability and mass-transport limita-
tions highlighted Na2SO3 as a more reliable electrolyte for sus-
tained operation. Furthermore, stable visible-light-driven hydrogen
evolution of 5.7 mL cm�2 over 5 hours highlights the electrode’s
durability and efficiency under solar-relevant operation.

Structural analyses reveal that Al doping produces finer
nanorods, whereas the introduction of Fe induces coarsening,
increased size dispersion, and the formation of a nanoporous
surface consistent with dopant-mediated lattice strain and
modified growth kinetics. These morphological features are
correlated with increased electroactive surface area and
improved electrolyte accessibility, which are consistent with
the observed enhancement in PEC performance of the dual-
doped ZnO photoanodes.

Overall, the enhanced activity arises from synergistic effects
of Al3+-induced conductivity improvement and Fe3+-related
electronic states that extend light absorption and facilitate
interfacial charge transfer, leading to increased photocarrier
generation under solar illumination and modified recombina-
tion pathways.
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